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Abstract 

We study the deep inelastic process v T + J\f — > r~ + X (with J\f = (n + p)/2 an isoscalar 
nucleon), in the context of the two Higgs doublet model type two (2HDM(II)). In particular, we 
discuss the contribution to the total cross section of diagrams, in which a charged Higgs boson is 
exchanged. We show that for large values of tan (3 such contribution for an inclusive dispersion 
generated through the collision of an ultrahigh energy tau-neutrino on a target nucleon can reach 
up to 57% of the value of the contribution of the W + exchange diagrams (i.e. can reach up to 57% 
of the standard model (SM) prediction) and could permit to distinguish between the SM and the 
2HDM(II) predictions at the Pierre Auger Observatory. 

PACS numbers: 13.15.+g, 13.85. Tp, 14.60.Fg, 14.80. Cp 
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I. INTRODUCTION. 

Although the Standard Model (SM) [lj], of the strong and electroweak interactions de- 
scribes correctly Particle Physics at present energies, one of its basic ingredients, the scalar 
Higgs sector, still remains untested. In the SM, the Higgs sector consists of a single SU (2) 
doublet, and after spontaneous symmetry breaking (SSB) it remains a physical state, the 
Higgs boson (h® m ), whose mass is not predicted in the theory. On the other hand, the SM 
is not expected to be the ultimate theoretical structure responsible for electroweak symme- 
try breaking (EWSB) . One of the most simple extensions of the SM is the so called 
two Higgs doublet model (2HDM). There are four classes of 2HDM which naturally avoid 
tree-level flavor- changing neutral currents that can be induced by Higgs boson exchange jj| . 
These models include a Higgs sector with two scalar doublets, which give masses to the up 
and down-type fermions as well as the gauge bosons. Particularly interesting is the model II, 
in this model one of the Higgs scalar doublet couples to the up-components of isodoublets 
while the second one to the down-components. Model II is that one which is present in 
SUSY theories. The 2HDM(II) has a rich structure and predicts interesting phenomenology 
Q]. The physical spectrum consists of two neutral CP-even states (h°,H°) and one CP-odd 
(A ), as well as a pair of charged scalar particles (H ± ). The charged Higgs boson in this 



model has the following lower mass limits 5] and 

M H ±>79.3GeV (1) 

and 

M H ± > 1.71 tan /3GeV (2) 

Large-scale neutrino telescopes |7] have as a main goal the detection of ultrahigh-energy 
(UHE) cosmic neutrinos (E u > 10 12 eV) produced outside the atmosphere (neutrinos pro- 
duced by galactic cosmic rays interacting with interstellar gas, and extragalactic neutrinos) 
0,0]. UHE neutrinos can be detected by observing long-range muons and tau-leptons decays 
produced in charged- current neutrino-nucleon interactions. UHE tau-neutrinos are gener- 
ated through neutrino oscillations The detection of UHE neutrinos will provide us 
with the possibility to observe z/A/"-collisions with a neutrino energy in the range 10 12 eV 
< E v < 10 21 eV and a target nucleon at rest. An enlightening discussion on UHE neutrino 
interactions is given by R. Gandhi et al. 0|. 
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We discuss in this paper the cross section of the deep inelastic process v T + Xf — > r~ + X 
(Xf = (n + p)/2 an isoscalar nucleon), in the context of the SM and the 2HDM(II) by using 

;he parton model with the parton distribution functions reported by J. Pumplin et al. 

kJ. We use the CTEQ PDFs provided in a rif = 5 active flavors scheme. Our aim is to 
calculate how large can be the contribution of diagrams, in which a charged Higgs boson 
is exchanged, to the total cross section of the mentioned inclusive process in the frame of 
the 2HDM(II). In the 2HDM(II) the couplings of the down-type quarks and charged leptons 
are proportional to rrif x tan/3. Hence, for large tan/3 the contribution of if ^exchange 
diagrams will be maximal in this model. 

II. THE CROSS SECTION FOR THE INCLUSIVE PROCESS v T +N -> r~ + X 

A. The differential cross section for the process v T + M —> t~ + X in the SM 

The differential cross section for the inclusive reaction 

uJ p ) + Kf{P N )^r-{p')+X, (3) 

where Xf = (n + p)/2 is an isoscalar nucleon, at the lowest order in a in the frame of the 
SM (see Fig. [TJ) is given as follows |l4j ]: 

#<r m 2G 2 F ME V ( \ 2 _ 2 2 

l^ = —^\W^l) te"(x,Q)+xq W (*,Q )(!-!/) ], (4) 

where M stands for the nucleon mass, Q 2 , x and y are defined as usual 

s = ( P + Pm)\ Q 2 = -(P-P') 2 , u = P M (p-p'), (5) 

and 

x= t> y = 2 i- (6) 

The quantities qw( x ,Q 2 ) an d Qw( x ^Q 2 ) are gi ven as 

/ /^,2\ u v (x,Q )-\-d v (x,Q ) u s (x,Q )-\-d s (x,Q ) . 2 . . 2 \ 
q w {x, Q ) = o 1 o \- s s (x,Q ) +b s (x,Q ^ 



~ ; / v> . u s (x, Q 2 ) + d s (x, Q 2 ) o, 
q w {x,Q) = + c s (x,Q), (7) 
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FIG. 1: Diagrams which contribute at the quark level to the process v T + M — » r + X at the 
lowest order in a in the SM (d stands for d-, s- and 6-quark; and u stands for u- and c-quark). 



where the valence and sea parton distribution functions (PDFs), q v (x, Q 2 ) and q s (x, Q 2 ), 
can be expressed as 





%Q 2 ) 


= u(x,Q 2 ) 


-u(x,Q 2 ) . 


d L A 


%Q 2 ) 


= d(x,Q 2 ) 


- d(x, Q 2 ) , 
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where the PDFs q(x, Q 2 ) describe the quark q content of the proton. 

In the case of the standard model the couplings of the fermions to the boson are 
given by the lagrangian 

V (jujd) 

where f u and fd stand for the up- and down-components of the fermion doublet. 



B. The differential cross section for the process v T +J\f — > r + X in the 2HDM(II) 

The differential cross section for the inclusive reaction (jSJ), at the lowest order in a in the 
frame of the 2HDM(II) (see Fig. |2J), can be written as follows: 

d 2 (T2hdm _ d 2 a sm ^ d 2 (JH+ /^q^ 

dxdy dxdy dxdy ' 
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FIG. 2: Diagrams which contribute at the quark level to the process v T + M — > r~ + X at the 
lowest order in a in the 2HDM (d stands for dr, s- and fo-quark; and u stands for u- and c-quark). 

where for large tan /3 

d 2 <y H + G\ME V mlMw tan 4 f3 2 2 _ 2 

where Q 2 , x and ?/ are defined in (j3J) and © and M stands for the nucleon mass. The 
quantities qu(x, Q 2 ) and q H (x, Q 2 ) are given as follows 



, . m\ fu v (x,Q 2 ) + d v (x,Q 2 ) u s {x, Q 2 ) + d s {x, Q 2 ^ 
QhM) = Mjl 2 + 



m d /w s (x, Q 2 ) + d s (x, Q 2 )\ m 



2 



2 ) + i4 c - M) - (12) 

In the case of the 2HDM(II) the couplings of the fermions to the W boson are given, in 
a similar way as in the SM [jj, by the lagrangian in Eq.Q. On the other side, taking the 
elements of the CKM- matrix V^- = Sij, the couplings of the fermions to the H ± boson are 
given by the lagrangian Q] 

£ = j^r- |m r tan (3 ^ J r^j + m u cot (3 (ll — + md t an P 2~^~^) } ^ + ~^ ^ ° 

(13) 



III. RESULTS FOR DEEP INELASTIC v T M IN THE SM AND THE 2HDM(II) 

We present results for the case of unpolarized deep inelastic process v T + Af — > r~ + X 
with a neutrino energy in the range 10 14 eV < E v < 10 20 eV and the nucleon at rest, i.e. 
a target nucleon. We take 10 14 eV < E u to make possible to neglect all fermion masses 
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with respect to the total energy s = 2m_\fE u , even the top quark mass. We take cuts of 
~ 2 GeV 2 and 10 GeV 2 for Q 2 and the invariant mass W, respectively. We have checked 
numerically that the total cross section rates do not depend on the choice of the cuts on the 
momentum transfer square Q 2 , when they take on values of a few GeV 2 . The reason of this 
fact is that the propagators involved in the cross section calculation go as 1/(M^ + Q 2 ) and 
1/(M£ ± +Q 2 ) 

We perform our numerical calculations taking for the quark masses: m u = 4 MeV, 
m d = 8 MeV, m c = 1.5 GeV, m s = 150 MeV, m b = 4.9 GeV and m t = 174 GeV Q For 
the evaluation of the H + r~v T coupling we take m Vr = and m T = 1, 777 MeV. 

We take M w + = 80.4 GeV for the mass of the charged boson W + and show in 
Fig. our numerical results for the total cross section as a function of E v . We compare the 
results for the cx*^ with those obtained for the o^dm by taking: (a) M H ± = 100 GeV and 
tan/3 = 50; (b) M H ± = 200 GeV and tan/? = 100; (c) M H ± = 300 GeV and tan/3 = 150; 
(d) M H ± = 400 GeV and tan (3 = 200. Since in all cases M H ± = 2 tan (3 GeV, then the 
and (j2J) are fulfilled. Further, based on the discussions on tan (3 given in Refs. 
we restrict ourselves to take tan/3 < 200. 
Further, we present in Fig.|Uour results for the ratio cr^+(z/ r +jV — > +X) / a t ° 1 n {u T +N' — > 
t~ + X) as a function of E v for the cases: (a) M#± = 100 GeV and tan/? = 50; (b) 
M H ± = 200 GeV and tan/3 = 100; (c) M H ± = 300 GeV and tan/3 = 150; (d) M H ± = 400 
GeV and tan (3 = 200. In particular, we have gotten a^+fa^ = 0.57 for E u = 10 20 eV, 
M H ± = 400 GeV and tan (3 = 200. 

Finally, in Fig. El we compare the contribution to cr^ dm (H + ) from the different allowed 
initial quarks (see Fig.|^b)). We observe in this plot that the contribution from the bottom 
quark dominates by far. 




IV. CONCLUSIONS 

We have calculated the total cross section rates for the deep inelastic process v T + M — > 
t~ + X, where J\f = (n + p)/2 is an isoscalar nucleon, in the frame of the SM and the 
2HDM(II). In the case of the 2HDM(II) we have taken into account the contribution of 
the diagrams in which a charged Higgs boson is exchanged We have shown that the 

most important contribution to <r^+ comes from the i7 ± -exchange diagram with an initial 
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FIG. 3: Total cross section as a function of E v in the range 10 14 eV < E v < 10 20 eV, with 
Ej^f = mj\f. We compare a l °^ with cr^dm by taking: (a) M H ± = 100 GeV and tan (3 = 50; (b) 
M H ± = 200 GeV and tan = 100; (c) M H ± = 300 GeV and tan (3 = 150; (d) M H ± = 400 GeV 
and tan/3 = 200. 

b-quark (and hence an outgoing t-quark). This fact implies that the contribution of the 
if ± exchange diagrams to the total cross section of the v T M scattering in the frame of the 
2HDM is independent whether the nucleon is a proton, a neutron or an isoscalar nucleon, 
because these particles have the same content of b-quark. 

We showed that the contribution of the charged Higgs boson exchange diagrams could 
imply an enhancement with respect to the SM cross section rates for the charged current 
v T M deep inelastic scattering. We have obtained that for the case of an ultrahigh energy 
tau- neutrino (10 14 eV < E u < 10 20 eV) colliding on a target nucleon such enhancement can 
reach up to 57% and could help to discriminate between the SM and the 2HDM predictions 
at the Pierre Auger Observatory. 

ACKNOWLEDGMENTS 

The author thanks Sistema Nacional de Investig adores and CONACyT (Mexico) for financial 



7 



0.6- 

0.5- 

0.4- 

0.3- 

0.2 

0.1 - 

0.0- 



-m H .=100 GeV, tanp=50 
m H ,=200 GeV, tanp=100 
m H =300 GeV, tanp=150 
m =400 GeV, tanp=200 



10 1 



10 1 



10 1 



10 17 10 16 
E (eV) 



1Q 19 1Q 20 



FIG. 4: a^+iur + N -> r" + X)/o**(v T + M -> r - + X) as a function of in the range 10 14 
eV < < 10 20 eV, with £V = for the cases: (a) M H ± = 100 GeV and tan/3 = 50; (b) 
M H ± = 200 GeV and tan f3 = 100; (c) M H ± = 300 GeV and tan (3 = 150; (d) M H ± = 400 GeV 
and tan (5 = 200. 
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